Abstract. The vehicular collision can lead to serious casualties and traffic congestions, especially multiple-vehicle collision. Most recent studies mainly focused on collision warning and avoidance strategies for two consecutive vehicles, but only a few on multiple-vehicle situations. This study proposes a coordinated brake control (CBC) strategy for multiple vehicles to minimize the risk of rear-end collision using model predictive control (MPC) framework. The objective is to minimize total impact energy by determining the desired braking force, where the impact energy is defined as the relative kinetic energy for a consecutive pair of vehicles. Under the MPC framework, this problem is further converted to a quadratic programming at each time step for numerical computations. To compare the performance, three other control strategies, i.e. direct brake control (DBC), driver reaction based brake control (DRBC) and linear quadratic regulator (LQR) control are also considered in this paper. The simulation results, in both a typical scenario and a huge number of scenarios under stochastic situations, show that CBC strategy has the best performance among these four strategies. The proposed CBC strategy has the potential to avoid the collision among a group of vehicles, and to mitigate the impact in cases where the collision is unavoidable.
Introduction

Background
Road traffic accidents are recognized as a major problem worldwide. In China alone, due to roadway vehicular accidents, the number of fatalities and injuries in 2013 were 58,539 and 213,724, respectively [5] . Among all accidents, approximately 34.3% were comprised of longitudinal (rear-end) collisions on highways. Hence, longitudinal collision warning and avoidance has the potential to avoid or mitigate a large number of collisions, making this a long-standing topic. Many recent studies have focused on different approaches to improve the traffic safety, for instance, accident detection [1, 2, [13] [14] [15] [16] 21, 31, 32] , accident analysis and prevention [22, 41, 42] , and R&D of driver assistance systems and autonomous vehicles [7] [8] [9] 27, 29, 36] . Ngoduy et al. built a multi-anticipative macroscopic traffic model to illustrate the influences between vehicles and the importance of a collision system for enhancing traffic safety [29] . Jansson et al. focused on a forward collision avoidance system using active braking [9] . Their research presented a generic method for calculating the risk for rear-end collision by taking into account of measurement uncertainties and driver behaviors. A comprehensive review of collision avoidance systems can be found in [36] . However, most previous research on collision avoidance [7, 36] and road safety simulation [41] considered only the nearest two vehicles. This is because the collision avoidance systems were primarily based on on-board sensors (e.g., radar and/or lidar), without inter-vehicle communica-tions. The problem with such systems is that vehicular accidents on highways, particularly under congested conditions, result from the collective behavior of multiple closely spaced vehicles (i.e., a coupled group) in string formation. Therefore, the last vehicle in the formation experiences an accumulated time delay in responding to the behavior of the vehicles in the front.
In fact, a string of coupled vehicles on a highway is more likely to result in multiple-vehicle accidents, which is believed to be one of the detrimental effects of conventional longitudinal collision avoidance systems. With increasing computing and wireless communication abilities, such as Vehicle-to-Vehicle (V2V) [4] , the cooperative driver assistance systems (DAS) have the potential to further mitigate this effect [34, 39] . The cooperative DAS has a great potential for avoiding such serious accidents or, at least, for minimizing the impact if the collision is unavoidable by simultaneously controlling the braking of multiple vehicles [25] . In V2V systems, the use of Dedicated Short Range Communication (DSRC) or Wireless Access in Vehicular Environments (WAVE) has the overall advantages of extensive network radio communication capabilities that demonstrate low-latency and high throughput, and which is both robust and scalable [12] . Due to these kinds of characteristics, DSRC/WAVE is suitable for basic safety applications, and can be also combined with other on-board sensor systems, such as vehicle on-board sensors (e.g. lidar/radar), precision position systems (e.g. GPS/DGPS), and vehicle state estimation systems (e.g. wheel speed, vehicle velocity, acceleration and yaw rate). In addition, the relative position and speed of vehicles can be obtained and shared by multisource information fusion or communication [35] . The accuracy of these parameters can meet the requirements for application in connected vehicles [10, 39] .
The main advantage of the cooperative DAS is its use of wireless communication for information passing to reduce time delays and to compensate for the deficiencies associated with conventional sensors [4, 34] . The internal stability and string stability for multiple vehicle following was analyzed in [24, 43] , which was critical for the practical traffic flow safety. Naus et al. derived a necessary and sufficient frequency-domain condition for vehicle string formation stability and experimented with two vehicles equipped with cooperative adaptive cruise control (CACC) [28] . For heavyduty trucks, reducing the actuator delay is also critical for control system performance. For the application of such systems, Lu and Hedrick et al. proposed the design of a hydraulic brake for passenger vehicles that directly used the master cylinder pressure as the control variable [23] . Technologies of this nature can be used as the foundation for implementation of the approach proposed in this study.
Preview of key results
The objective of this study is to design a coordinated brake control (CBC) strategy to avoid longitudinal collision, or, if impossible to avoid, to mitigate the impact of multiple-vehicle longitudinal collision. The total relative kinetic energy is used as a novel performance minimization index rather than minimizing relative speed or relative distance errors, which has been most often employed in previous studies. Intuitively, a vehicular system of low kinetic energy poses a low risk of damage and is more stable. Hence, we assume that the safety of the multiple coupled vehicles increases with decreasing relative kinetic energy. The use of the total relative kinetic energy facilitates more safety under conditions where coupled vehicular systems are composed of a variety of vehicle masses, which is generally the case under realistic conditions.
The proposed study is different from the concept of the automated platoon, in which all vehicles have automated control capabilities, and are coordinated and organized in a hierarchical automated highway system [24] . This study employs V2V and vehicle control capabilities applicable to current practical highway systems by coordinating on local vehicle behaviors. Therefore, it is necessary to consider the relationship between the coupled vehicle group and its surrounding environment, i.e., those vehicles in the front and rear of the group that cannot be coupled into the system because of the lack of V2V or automated control capability. Under actual traffic conditions, the coupled group is usually heterogeneous rather than homogeneous, and the group is generally comprised of vehicles of different masses, lengths, and braking systems operated by drivers exhibiting a variety of car-following [3, 30] and lane-changing behaviors [33] . The heterogeneous nature of a coupled group can seriously affect platoon control [24] and also the capacity of signalized intersections [40] . Some other studies also put a lot attention to heterogeneous issue, e.g. [20, 37] . Here, we consider the case of a heterogeneous group of coupled vehicles. To verify the performance of the proposed CBC strategy, three other control strategies: 1) Direct Brake Control (DBC), 2) Driver Reaction based Brake Control (DRBC), and 3) Linear Quadratic Regulator (LQR) control, are also built for simulation studies, and compared with the proposed approach. The main contributions of this study are as follows. (a) Multiple coupled vehicles are directly taken into account rather than considering only two vehicles, as typically done in previous work. (b) The total relative kinetic energy between each consecutive pair of vehicles is used as the objective function for collision avoidance and impact mitigation, and the problem is formulated as an optimal control, which is further simplified as a linear model predictive control (MPC) for future real-time implementation. (c) Simulation is conducted using Matlab, where the vehicle masses of the coupled vehicle group are generated and assigned randomly and the vehicle mass in turn determines vehicle length and deceleration capability according to an empirical formula.
The remainder of this paper is organized as follows. Section 2 presents the system analysis and modeling, and Section 3 presents vehicle longitudinal dynamics. Section 4 is devoted to MPC design depending on the vehicle longitudinal dynamic model. The simulation scenario and analysis are discussed in Section 5, and Section 6 presents concluding remarks.
System analysis and modeling
For this study, we consider a system composed of closely following vehicles, i.e. multiple longitudinally coupled vehicles, for collision avoidance and impact mitigation. Adjacent vehicles in a given lane are coupled if their states (speed and distance) jointly satisfy some predefined conditions, i.e., if any longitudinal maneuver of the subject vehicle would require its follower to take immediate action to avoid collision. For standard highway driving, the distance between adjacent vehicles in terms of time according to their speed (time headway (THW)) ranges from 0.7 to 3.8 s [6] . Therefore, most vehicles in car-following scenarios are actually coupled in highway traffic and can be organized into groups. The boundaries among groups depend on several factors, including (1) the type of vehicles involved, (2) the maximum deceleration capability, (3) current speed and THW, (4) traction conditions between the tires and roadway, and (5) wireless communication availability. Wireless communication is critical for coordinated control of braking of each vehicle and for broadcasting the vehicle types and deceleration capabilities of the vehicles of which the group is composed in the message set.
The overall control system for each group of coupled vehicles contains both upper and lower level controls, as shown in Fig. 1 . The function of the upper level control is to generate the desired braking force for each vehicle to avoid collision or minimize potential impact if collision is unavoidable. The controller is also subject to several constraints, including the deceleration capabilities of each vehicle. The lower level control activates the brake system to achieve the desired braking force. This study primarily focuses on the upper level control. From a practical viewpoint, each vehicle may have a different powertrain depending on the vehicle type. Most heavy-duty vehicles are equipped with various braking systems, such as pneumatic brakes, engine retarders, and transmission retarders, whereas many passenger cars are equipped with disk or drum brakes, which may be hydraulic or electric. For simplicity of modeling, the differences between vehicle types in a coupled group are quantified according to the deceleration capability of each vehicle.
As suggested in [17] , the collision impact mitigation system is only activated if a certain collision threat threshold is reached. This condition can be determined by sensor detection, risk assessment, and warning the driver. If a driver fails to respond appropriately to the warning of an accident risk, the CBC strategy is activated as the last resort.
To properly define the system, the following assumptions are made. Figure 1 shows the overall system structure for multiple-vehicle brake control. The system includes remote sensor detection, system state estimation, a DSRC communication network, control and decision making, and control of actuators. The time to collision (TTC) is a critical variable for automatic control. The TTC is refined into the following time point sequences for improved performance in active vehicle safety. 1) System coupling time: A group of vehicles in the same lane can be in coupled status for a certain time period denoted as the coupling time. 2) System warning time: The driver receives a warning signal before brake activation for passive collision avoidance. Here, the magnitude of each period must be quantitatively determined in a reasonable manner. We focus exclusively on the control action by braking beginning at t 0 to the time point when the maneuver (collision avoidance or impact mitigation) is completed. The system considers only coupled vehicles.
Overall system structure
Upper level control strategy
The differences between vehicles include mass, deceleration capability, sensor detection, control actuation, and overall time delay. It is impractical to apply a constant deceleration to each vehicle. Instead, the braking torque of each vehicle must be adjusted according to the current and predicted states on the basis of sensor measurements. The upper level control strategy can be stated as follows.
1) The first vehicle should brake as little as possible to fully use the space in front and to minimize impact with following vehicles. However, the degree of braking is not completely free but is potentially limited by vehicles ahead that are not in the coupled group. Hence, a tradeoff is always made for the first vehicle between reducing the impact with the following vehicle and the risk of collision with those ahead.
2) The last vehicle should apply the brake to the greatest extent possible to fully use its rear space and to minimize its impact to the vehicle in front of it. However, again the degree of braking is not completely free but is potentially limited by vehicles not in the coupled group that are following behind. Hence, a tradeoff is always made for the last vehicle between reducing the impact with the vehicle ahead and the risk of collision with those behind.
3) The desired braking force between all other vehicles will be determined by the current and predicted states of each vehicle, which are estimated according to real-time sensor measurements. 4) State prediction in the finite time horizon of each vehicle is conducted by an MPC approach. The algorithm for longitudinal collision avoidance and impact minimization should consider the following factors: (1) Multiple-vehicle scenario, (2) mechanical definition of impact, (3) mass of each vehicle, (4) relative distance and relative speed at braking, (5) relative distance and speed at collision, (6) braking capability of each vehicle, (7) braking constraint applied to the first vehicle, and (8) braking constraint applied to the last vehicle.
Relative kinetic energy
A quantitative description of the multiple-vehicle collision scenario also depends on vehicle types. In these cases, the kinetic energy during collision is not fixed. Moreover, it would be difficult to accurately estimate the collision impact for each pair of vehicles. Therefore, we use the relative kinetic energy before collision as the measure of the potential impact of collision between a pair of vehicles, which in turn is used to estimate the overall system potential impact. This is physically justified because the energy of the collision is the work done by the relative kinetic energy. The following total relative kinetic energy E(t) as a function of time t serves as the integrand of objective function:
where v i and m i are the velocity and mass of the ith vehicle, respectively, and N denotes the number of vehicles in the coupled group. Here, the mass of the first vehicle is not considered. As discussed previously, the minimization of the total relative kinetic energy is helpful in reducing the impact of collision when collision is unavoidable.
Vehicle longitudinal dynamics model
The vehicle longitudinal dynamics model must consider the powertrain, brake system, aerodynamic drag forces, longitudinal tire forces, rolling resistance forces, and gravitational forces. To obtain a proper model for control law design and analysis, some reasonable assumptions must be stated clearly [18, 19] . 1) Vehicles are assumed to run on a high-friction road such that the tire slip is negligible; this assumption is reasonable because the usage of such devices as anti-lock brake system (ABS) can limits the tire slip in a small range when braking on a high-friction road. Thus, we neglect the tire slip for controller design.
2) The vehicle is assumed to be a rigid symmetrical body.
3) The pitching and yaw motions of the vehicle body are neglected. 4) The influence of pitch and yaw motions on longitudinal motion is neglected. Though it is true that the pitching motion results in a certain load transfer and may affect the braking performance and consideration of this factor could yield a more accurate prediction of the braking performance, it would complicate the MPC design. Hence, we neglect the pitching motion to reduce complexity of the controller design. 5) The vehicle moves in a flat plane. Based on the assumptions above, the longitudinal dynamics for each vehicle in the coupled group are as follows [18] :
where x i (t) is the longitudinal distance with respect to a common inertial coordinate system, C A is the lumped aerodynamic drag coefficient, is the acceleration due to gravity, f is the coefficient of rolling resistance, and F i (t) denotes the actual braking force in the longitudinal direction of the i-th vehicle. Because sensors and actuators in mechanical systems have their own inherent dynamics, the actual braking force F i (t) cannot accurately follow the desired braking force F i,des (t) immediately. Hence, a lumped firstorder inertial dynamics between F i (t) and F i,des (t) is assumed [19] :
where τ i is the time constant of the first-order inertial delay for the i-th vehicle and s is the Laplace operator.
MPC control formulation
Vehicle longitudinal model for control
It is assumed that Δt represents the sampling time for system discretization. The aforementioned dynamics can be discretized into a discrete time model for MPC design as follows:
where k represents the time step. The objective function over the predictive horizon is
where * (k + j|k) denotes the predicted state at time k + j obtained by starting from the current time k, and N p denotes the length of the predictive horizon. The system is constrained according to vehicle deceleration abilities, as expressed in Eq. (6a). In addition, the first vehicle in the front end and the last vehicle in the rear end of the coupled group provide the constraints expressed in Eqs (6b) and (6c). Finally, the coupled group must have the ability to avoid collision, so the constraint in Eq. (6d) is established.
where, a
are the maximum possible acceleration and maximum possible deceleration; c 1 is the minimum deceleration value of the first vehicle of the coupled group for avoiding collision with a vehicle ahead; c N is the maximum deceleration value of the last vehicle in the coupled group for avoiding collision with a vehicle behind; and d s is the safe distance gap.
Hence, we can write the control problem in the following compact form. 1, 2, . . . , N, j = 0, 1, . . . , N p − 1, The abovementioned control aims to mitigate the impact of collision, but may not be able to avoid collision completely under some conditions. In some cases, collision is unavoidable and corresponds to the infeasibility of problem Eq. (7). One solution is to set a slack variable in the constraint Eq. (6d), which enables Eq. (6d) to be imposed as a soft constraint. Another method is to use the last control efforts when encountering infeasibility. In our design, constraint violation usually indicates the inevitability of a collision. Hence, we employ the second method.
The solution to the problem given by Eq. (7) is the sequence of input signal
The solution of Eq. (7) minimizes the cost function in Eq. (5) subject to constraints in Eqs (6a) to (6d). Only the first part of the computed optimal control input sequence is applied to the coupled system during the next sampling interval. At the next time step k + 1, Eq. (7) is resolved over a shifted horizon to utilize the updated information regarding the coupled vehicle state.
Linear MPC formulation
The nonlinear optimization of Eq. (7) is nontrivial and must be solved numerically. Here, Eq. (7) is linearized with respect to the operating point, and then transformed into a constrained quadratic programming (QP) problem at each control instant. The prediction horizon is 0.1 s; therefore, the model is linearized at the current speed. Such a strategy naturally ensures that vehicle speed is nearly constant over the predictive horizon. Then, the braking force, aerodynamic drag, and rolling resistance can be regarded as a single variable:
where u i (k + j|k) is the lumped variable.
The corresponding desired control input u i,des (k + j|k) is defined as follows:
Then, the system dynamics Eq. (4) in predictive horizon can be rewritten as
where
This method makes the optimization problem Eq. (7) linear around an operating point and transforms the control force variable F i,des (k) into the control variable u i,des (k), which is easier to handle. Figure 2 illustrates this linearization method. At the current time instant k i , the velocity v i (k i ) holds the same value during the predictive horizon k i + 1 ∼ k i + N p , and the velocity changes to v i (k i + 1) at the next sample time.
Equation (10) is suitable only for single vehicle dynamics. For the coupled group involving N vehicles, we choose the following state vector and control vector.
. . . Then, all vehicle dynamics during the predictive horizon can be written in the following compact form:
Therefore, we can reduce Eq. (7) into the optimization problem given by Eq. (12) shown below.
Here, Q has the appropriate value and dimension. Moreover, Eq. (12) has a quadratic optimal target term and linear constraints. Hence, Eq. (12) can be recast as the constrained QP problem given by Eq. (13) .
Here, U , H, P , C, A con , b con have appropriate values and dimensions. Model Eq. (12) is linearized around an operating point. Therefore, the linear timeinvariant model Eq. (12) at time k is used to predict the coupled group state X ( k + j| k) , j = 0, 1, . . . , N p − 1 in the predictive horizon. Accordingly, the optimization variables u des ( k| k) are used to solve the braking force F i,des ( k| k) for each vehicle during the braking process.
MPC algorithm in implementation
For numerical calculation, it is suggested to sequentially perform the following steps.
Step 1: Initialize X(k) according to sensor measurements and communication to predict the forward N p time steps.
Step 2: Find the optimal desired braking force F des (k|k) numerically using the QP method.
Step 3: Apply the control (desired braking force) F des (k|k) to the system and then generate the system state of the next time step.
Step 4: If the speed of each vehicle is not reduced to zero, estimate the system state to obtain X (k + 1) according to sensor detection.
Step 5: Set k := k + 1; X(k) = X (k + 1), and go to Step 2.
Simulation and analysis
The coupled group must allow for different types of vehicles because the control algorithm is designed for practical coordination of multi-vehicle longitudinal collision mitigation. Vehicle types are characterized by parameters such as vehicle mass, body length, dynamics of the braking system, and deceleration capability. To verify the performance of the proposed CBC strategy, three other control strategies, namely, Direct Brake Control (DBC), 2) Driver-Reaction based Brake Control (DRBC) and 3) Linear Quadratic Regulator (LQR) control, are simulated for comparison with the proposed strategy. Three strategies are defined as follows.
A. Coordinated brake control (CBC)
CBC coordinates the braking force for each vehicle using MPC, which is formulated into a constrained QP problem. The design details of CBC have been given in Sections 3 and 4.
B. Direct brake control (DBC)
DBC employs equivalent assumptions and conditions as CBC. Vehicles in the coupled group must have V2V communication and automatic braking capabilities. The difference between DBC and CBC is that DBC directly employs the full deceleration ability of each vehicle rather than coordinating the braking force for each vehicle under emergency conditions. Therefore, each vehicle in the coupled group immediately and fully employs braking when confronting critical events.
C. Driver-reaction based brake control (DRBC)
DRBC does not assume that vehicles in the coupled group have V2V communication and automatic braking capabilities. Only the driver judges the driving situation and brakes the vehicle fully after a certain driver reaction time for emergency situations.
D. Linear quadratic regulator control (LQR) control
This method employs LQR control during braking, which is a classical optimal control strategy for Cooperative Adaptive Cruise Control (CACC) during normal driving conditions. In this study, the constant THW policy is used for the car-following model, and the control objective is to follow the driver's desired spacing (see [26] for more details).
Simulation parameters
Vehicles with large masses are usually also long and have limited deceleration capabilities. Here, the mass of each vehicle is generated randomly and is used to determine both the vehicle body length and deceleration capability. The minimum mass used is M min = 1000 kg (passenger car), and the maximum mass is M max = 15000 kg (half-loaded heavy-duty truck). For a given number of vehicles N , the mass of each vehicle is randomly generated as follows.
Then, the vehicle body length is determined as follows:
As such, the minimum body length is 3.0 m (passenger car) and maximum body length is 23 m (heavyduty truck: tractor -trailer combination). Li et al. determined that the time constant for the braking system of a typical heavy-duty truck is about 0.45 s [19] . For simplicity, we assume that large vehicles have large time constants for their braking systems. Hence, the time constant for a vehicle braking system is given by the following.
The vehicle deceleration capability is determined by the following expression.
Employing the THW policy, the car-following distance distribution is obtained in the coupled group. The THW is between 0.7 s to 3.8 s in 90% of the cases on highways in China [6] . In the present study, the THW distribution was made to follow the Gaussian distribution THW ∼ N (1.5, 0.1 2 ). Johansson et al. pointed out that the driver reaction time to warning signals is spread over a period of 0.3 s to 2 s, and the average driver reaction time is 0.66 s [11] . Here, the driver reaction time was made to obey the Gaussian distribution T d ∼ N 0.66, 0.1 2 during simulation scenarios.
Typical scenario simulation
Typical scenario simulation results using the aforementioned four control strategies are discussed in this section. It is assumed that the simulation scenario involves nine vehicles. The prediction time period and control time period are all 5 steps, and the length of the time step used for the simulation is 0.02 s. The initial speed of each vehicle is 31 m/s plus ± 10% and is made to fluctuate randomly.
The minimum deceleration of the leading vehicle is limited to 100% of its maximum deceleration capability (c 1 = −4.87 m/s 2 ), indicating that the first vehicle in the coupled group needs to apply full braking to Table 1 Vehicle parameters used in the simulation avoid accidents with vehicles in front of the coupled group. The maximum deceleration of the last vehicle is limited to 92% of its maximum deceleration capability (c N = −4.71 m/s 2 ), indicating a potential collision threat to the last vehicle in the coupled group with a vehicle following behind. The distribution of mass, deceleration capability, THW, driver reaction time, and time constant for the vehicle braking system are listed in Table 1 .
For the CBC strategy, the corresponding trajectories and speed profiles are illustrated in Figs 3 and 4 , re- spectively. The braking force and deceleration profiles are shown in Fig. 5 . The simulation results demonstrate collision avoidance for all vehicles. From Figs 3 and 4, it can be seen that, after about 10 s, all the vehicles stopped when employing the CBC strategy and all the inter-vehicle distances remained greater than a certain value during the braking process. This indicates that collision was completely avoided although vehicles were present in front of and behind the coupled system. As stated above, the vehicles in front of and behind the system are represented by the constraints of the minimum deceleration of the leading vehicle and the maximum deceleration of the last vehicle in the coupled group, respectively. Figures 3 and 4 indicate that the CBC strategy can not only regulate the relative speed but also maintain the inter-vehicle distance within a reasonable range. Although the initial speeds of the vehicles appear to be random, their speeds become regular after several seconds using the CBC strategy, as shown in Fig. 4 . The optimization function (1) seeks to minimize the total relative kinetic energy of the coupled group, which is equivalent to reducing the relative speeds of all vehicles to as close to zero as possible. If all the vehicles are identical, the relative speeds of all vehicles' speed can be controlled into no difference, which means that vehicles in the coupled group can be effectively treated as a single, enlarged vehicle. Figures 6(a)-(c) demonstrate the respective vehicle trajectories generated by DBC, DRBC, and LQR under equivalent conditions. It can be observed from Fig. 6 (a) that two vehicular accidents occurred between vehicles 2 and 3, and between vehicles 7 and 8 using the DBC strategy. From Table 1 The difference between these two stop distances is larger than the car-following distance. Hence, collision occurred between these vehicles. As shown in Fig. 6(b) , two accidents between vehicles 2 and 3, and between vehicles 7 and 8 occurred using the DRBC strategy. The differences of the deceleration capabilities between vehicles are the cause of collision in this case. The driver reaction time is another major factor. The driver's response time causes much more serious collisions using this strategy relative to using the DBC strategy (i.e., the collision speed is higher using the DRBC strategy). In Fig. 6(c) , it can be seen that vehicle 3 collided with vehicle 2 under LQR control. Figure 7 shows a comparison of the relative kinetic energies produced by the aforementioned four braking control strategies during the braking process. It should be noted that Fig. 7 is only a schematic because we have disregarded collisions during the simulation process. The proposed CBC strategy achieves the lowest relative kinetic energy among these strategies over the entire braking process.
Multi-simulation result
To test the performance of the CBC strategy under different conditions, we ran 1000 simulations while randomly generating certain parameters. The initial parameter selection for each round of simulation is same as described in previous section. Figure 8 shows the vehicle attribute distributions for the 1000 simulations. To make the conditions more hazardous, we added one small vehicle, whose mass was randomly generated in the range 1000-3000 kg and one large vehicle, whose mass was randomly generated in the range 10000-15000 kg in each simulation. The positions of these two vehicles were randomly placed in the coupled group with the constraint that the large vehicle at the behind the small vehicle. Figure 9 shows the success and failure rates on the basis of complete avoidance of collision using the four strategies. During the 1000 simulations, collision was completely avoided in 898 simulations (89.8%) using the CBC strategy. When employing DBC, DRBC, and LQR control, the successful rates were reduced from 89.8% to 63.6%, 11.9%, and 47.3%, respectively. , among the successful braking cases, the maximum relative kinetic energy for the proposed CBC strategy is the smallest, and the minimum relative distance is the largest during the braking process relative to the other three strategies. As such, when the collision is unavoidable, the collision impact for the CBC strategy is the lowest (Figs 10(a) and (b) ). Therefore, we can claim that the proposed CBC strategy demonstrates the best performance for collision avoidance among the four control strategies considered. On the other hand, LQR control for CACC demonstrates good performance under normal conditions [26] . However, LQR control provides degraded performance for collision avoidance under certain emergency conditions. As shown in Table 2 , for the 102 failed simulations using the CBC strategy, the failure rates of DBC, DRBC, and LQR under equivalent conditions were 73.53%, 99.02%, and 99.02%, respectively. For the 364 failure cases using DBC, the failure rates of CBC, DRBC, and LQR were 20.6%, 100%, and 65.11%, respectively. The statistical data in Table 2 also verifies that the proposed CBC strategy demonstrates the best performance.
Discussions on unavoidable collision
Intuitively, a collision will occur between two vehicles in the coupled group if a vehicle has good deceleration ability, but its following vehicle has poor deceleration ability. A vehicle with poor deceleration ability is usually a large vehicle (e.g., heavy-duty truck), and a vehicle with good deceleration ability is usually a small vehicle (e.g., passenger car). A large vehicle requires a long distance to stop, whereas a small vehicle can stop completely within a short distance. Therefore, if a large vehicle follows a small vehicle without a suf- ficient distance between them, a collision may be unavoidable regardless of the control strategy employed. A possible solution for collision avoidance involving a large vehicle is to increase the car-following distance or reduce the driving speed. Using the simulation results in the previous section, the distributions of collision vehicle types can be obtained (see Fig. 11 ). It can be observed that the majority of collision cases occurred between a large vehicle and a small vehicle, and that the proposed CBC strategy can reduce the collision probability between large and small vehicles. However, doing so may result in the collision between small vehicles because the collision impact (relative kinetic energy) between small vehicles is typically smaller than for the case when large vehicles are involved. Hence, from this viewpoint, the proposed CBC strategy has good performance and enhances overall safety.
The mass distribution (or deceleration capability distribution) in the coupled group has a significant influence on the success rate of collision avoidance. If we alter the simulation parameter to make the vehicle mass distribution follow a narrow range, thereby producing a more homogeneous coupled group, the success rate of all four control strategies are substantially improved, as demonstrated in Table 3 . In this case, the coupled group can be treated as one extended vehicle, and collision is usually avoided.
Conclusions
This study considers the cooperative braking control (CBC) strategy for a group of vehicles with the purpose of minimizing the risk of rear-end collision. The upper level controller is designed using model predictive control (MPC) theory, in which the total relative kinetic energy between consecutive pairs of vehicles is used as the cost function. This cost function is able to generate the desired braking force for each vehicle in the coupled group required to avoid collision or to minimize the total impact if collision is unavoidable.
The MPC is reduced to a constrained QP problem for faster computation. The algorithm can be implemented in a centralized or decentralized scheme. To be implemented as a centralized scheme, one vehicle in the coupled group must act as the coordinator to calculate the desired deceleration for each vehicle and communicate it in real time. For a decentralized scheme, each vehicle must calculate and activate its desired deceleration independently. Three other control strategies, namely DBC, DRBC, and LQR, are built for fair comparison with CBC. The findings include.
(1) In the absence of a minimum deceleration limit for the first vehicle and a maximum deceleration limit for the last vehicle in the coupled group, it is likely that most collisions could be avoided using the proposed braking control. However, in practice, the coupled group cannot be completely isolated from other vehicles in front of and behind the coupled group. (2) Intuitively, a system with less kinetic energy will have a reduced risk to safety and be more stable. The control objective in the proposed strategy is to minimize the total relative kinetic energy. The extensive simulation results verify the effectiveness of the proposed strategy. The reduced relative kinetic energy leads to reduced risk of collision. (3) Heterogeneous braking capabilities are a major cause of collisions. The multi-simulation results show that unavoidable collisions often occur among vehicles that follow a smaller leader in the coupled group, because large vehicles typically require a longer distance to stop relative to small vehicles. A possible solution for collision avoidance is to increase the car-following distance or reduce the driving speed. There are still a few open questions in the framework of cooperative braking control. Future work will include how to implement the proposed strategy with passenger cars and/or trucks, and how to implement wireless connection technology and enhance automatic brake control capabilities for various environmental conditions.
